ABSTRACT In contrast to usual laboratory conditions, most bacteria in the human body grow in biofilms. Encased in a structured matrix, many pathogens display heightened resistance to antibiotics. Pseudomonas aeruginosa lung infections in cystic fibrosis patients represent a prime example of the clinical challenges that antibiotic resistance in biofilms can represent. In the March 6, 2012 issue of mBio, Colin Hill and his colleagues report on experiments that add to the evidence that Pseudomonas phages are a potential treatment option for these infections.
sibility of treating P. aeruginosa infections with bacteriophages, an attractive potential therapeutic option for several reasons.
First, S. aureus and P. aeruginosa are classical targets of the Soviet phage therapy approach. The Russian company Microgen currently sells phage preparations against both pathogens, either singly or in combination, for treatment of pyogenic infections. Frequently used for treating pulmonary infections, these products are registered medicines in Russia. Second, it is relatively easy to isolate "virulent" (as opposed to "temperate") phages against the three major pathogens of CF patients. Large collections of phages of S. aureus, P. aeruginosa, and B. cepacia exist, many of which are fully sequenced. This is not a trivial statement, since phages are not isolated easily against any bacterial species.
Third, the aforementioned phages have a broad host range. Unlike antibiotics, most phages are strain specific, making them targeted to the pathogen of interest and preventing collateral damage to commensal bacteria. However, this specificity can be a problem for treatment, and often a cocktail of different phages is needed to achieve a reasonable coverage of a given pathogenic species. Fortunately, phages against CF pathogens have a good, if not an excellent, pathogen coverage. Phage K, for instance, infects nearly half of S. aureus isolates from large collections, and phage Stau2 infects 80% (2) .
Fourth, the efficacy of phage therapy approaches has been demonstrated in animal infection models with CF pathogens. For example, B. cenocepacia bacterial density in the lung was reduced after intraperitoneal but not intranasal phage application to mice. The lytic effect was specific to the replication-competent phages, since no lytic effect was seen with UV-inactivated phages or a phage that had no in vitro lytic activity against the infecting Burkholderia strain. Phages showed amplification in the lung and reduced pathogen-induced inflammation signs. In treated mice, phages were colocalized with degraded bacteria in perivascular lung areas and alveolar septa (3).
The recent article by Alemayehu et al. (1) provides suggestive evidence that bacteriophages might also be of use against P. aeruginosa infection. They showed that suitable phages can be isolated from sewage, a common starting material for phage isolation. By sequencing the phage, they demonstrated the absence of undesired genes in their therapeutic phages, an essential condition for later phage application in human subjects. They then reported that the phages infect Pseudomonas growing in a biofilm. Finally, the authors demonstrated the efficacy of intranasally applied phages in a P. aeruginosa lung infection model using state-of-the-art imaging techniques (although it should be noted that mice do not get chronically infected with P. aeruginosa, so biofilms are thus not formed in this transient infection model). Mice treated with intranasal phage at a phage-tobacterium ratio of 1:1, but not with lower ratios, survived a lethal P. aeruginosa infection.
The data reported by Alemayehu et al. (1) confirm previous observations from other groups and therefore represent important steps toward developing effective CF phage therapy.
Fittingly, work on phage therapy for P. aeruginosa infection continues at the Pasteur Institute in Paris, where phages and phage therapy were first described by Felix d'Herelle nearly 100 years ago. Using bioluminescent P. aeruginosa, Debarbieux et al. (4) demonstrated a rapid killing of bacteria in phage-treated animals and a reduction in inflammatory markers. The researchers selected phages which grew well on clinical P. aeruginosa isolates from CF patients and showed that they achieved dose-dependent protection in a mouse lung infection model (5) . Phages showed in vivo replication, decreased the alveolar pathogen load, and prevented histopathologic lesions. Phage treatment could be delayed for a few hours with the same results, and administering the phages a day before pathogen challenge also prevented the infection. When phages were administered to uninfected mice, they persisted for 5 days in the lung, suggesting the potential for preventive phage use.
Similarly, the biofilm activity of Pseudomonas phages reported in the Alemayehu et al. article confirms earlier work. British researchers found that phages had bacteriocidal effects on Pseudomonas in biofilms (6). When using excess phages, a 100-fold bacterial titer decrease was observed. Pseudomonas phages could also diffuse through 8% alginate gels, which mimic the conditions in Pseudomonas biofilms. Digestion fragments from the alginate were released from phage-treated polymers. Phage researchers from the Republic of Georgia and structural biologists subsequently showed that the depolymerizing enzyme is part of the phage particles (7, 8) .
Pretreatment with phages may also eventually be feasible. Researchers at the Centers for Disease Control and Prevention (CDC) in Atlanta, GA, demonstrated that pretreating catheters with a cocktail of Pseudomonas phages prevented biofilm formation. Intact but not heat-killed phages achieved a 1,000-fold titer reduction of the bacteria in the biofilm grown on a catheter in the presence of human serum (9) . The latter observation is important, since in the transition from bench to bed, the devil is in the details. The lead authors of the Alemayehu article observed this for themselves in earlier work, in which they explored the potential of S. aureus phages for treating bovine mastitis. In that study, they found that milk contained an inhibitory activity that inactivated the broad-host-range S. aureus phage K (10), a fact that explains the observations from Canadian researchers who failed to detect an in vivo inhibitory effect of phages on bovine mastitis.
Despite the setbacks with S. aureus phage use in farm animals, the prospects for applying Pseudomonas phages in humans are encouraging. Three clinical trials that address Pseudomonas infections in venous leg ulcers (Intralytix), burn patients (Belgian military) (11) , and the outer ear canal (causing diseases ranging from mild swimmer's ear to necrotizing otitis externa in diabetics and AIDS) (Biocontrol, United Kingdom) have been registered. So far, no adverse effects of phage treatment have been observed. In a controlled phase II clinical trial, 24 otitis externa patients received either a single small dose of Pseudomonas phage cocktail or a placebo. The researchers found evidence for in vivo phage replication, a decrease in Pseudomonas counts in some patients, and symptom amelioration in most of the treated patients (12) . One might criticize the study for its small size and for the fact that only patients with Pseudomonas ear infection susceptible to the applied phage were enrolled, but the study set a standard for a detailed combined clinical, microbiological, and statistical evaluation of phage therapy approaches.
The three senior authors of the mBio article (1) are members of PhageWorks, a phage solution company recently founded in Cork, Ireland, by scientists working in two important research organizations of the Irish government: the Teagasc Food Research Centre and the Alimentary Pharmabiotic Centre. The current study relies on years of research in the dairy field, but one hopes that the knowledge acquired in the food sector on practical aspects of phage research can eventually serve the biomedical research community and the development of therapeutic applications for phages as well. This reminds me of the words of Louis Pasteur, who wrote, "There are similarities between the diseases of animals and humans and the diseases of beer and wine." For the Cork researchers, he might have spoken of "cheese and yogurt." Looking beyond the fences of one's "own professional specialization" can lead to important cross-fertilization.
